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Variation in style length and anther–stigma distance (ASD) was investigated in 18 populations of Ixiolirion songaricum, an early-spring ephemeral
perennial herb in northern Xinjiang. The effect of ASD on autonomous self-pollen deposition and seed set was assessed using bagging experiments.
Seed production under autonomous self-pollination, cross-pollination and natural pollination was determined by manual pollination experiments.
Stigmas ofmultipleﬂowers within an individual were sandwiched between two separate anther levels, and no individuals possessed approach or reverse
herkogamy. Style length varied continuously among ﬂowers, resulting in a wide range of variation in ASD. There were fewer ﬂowers with a small ASD
than with a large ASD in populations. ASD was negatively correlated with autonomous self-pollen deposition and seed set, but it was positively
correlated with natural pollination seed set. Seed production under natural pollination was higher than that under autonomous self-pollination, but it was
smaller than that under cross-pollination. Variation in style length and ASD among ﬂowers was not caused by style or stamen elongation in
I. songaricum, which differ from other species reported in literature that have continuous variation in style length and ASD.
Published by Elsevier B.V. on behalf of SAAB.
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In many self-compatible hermaphrodite plants, spatial segre-
gation of anthers and stigmas (herkogamy) varies considerably
within and among populations (Barrett et al., 1996; Ennos, 1981).
Increased anther–stigma distance (ASD) may reduce the number
of self-pollen grains deposited on the stigma, potentially in-
creasing the proportion of ovules fertilized by outcrossing pollen
(Ennos, 1981; Lloyd and Schoen, 1992; Webb and Lloyd, 1986).
ASD has been widely reported to influence outcrossing rates, and
the correlations between outcrossing rates and ASD have been
quantified (Holtsford, 1992; Motten and Antonovics, 1992).
Several field and green-house studies have demonstrated that
continuous variation in herkogamy is a mechanism of preventing
anther–stigma interference and promoting outcrossing (Caruso,⁎ Corresponding author. Tel.: + 86 991 8762271.
E-mail address: tandunyan@163.com (D.Y. Tan).
0254-6299/$ -see front matter. Published by Elsevier B.V. on behalf of SAAB.
doi:10.1016/j.sajb.2012.03.0112004; Mitchell and Shaw, 1993; Robertson et al., 1994; Shore
and Barrett, 1990). Other studies examined continuous variation
in herkogamy as a mechanism of reproductive assurance in self-
compatible species (Lennartsson et al., 2000; Motten and Stone,
2000).
In some species, continuous variation in ASD was caused
by style or stamen elongation due to flower age, resulting in
late anther–stigma contact and delayed self-pollination, e.g.
Gentianella campestris and Collinsia heterophylla (Armbruster
et al., 2002; Lankinen et al., 2007; Lennartsson et al., 2000). In
Polemonium brandegei, individuals with continuous variation
in ASD displayed approach and reverse herkogamy, which was
highly heritable, largely independent of flower age, and
primarily determined by variation in style exertion. The
observed range of approach to reverse herkogamous flowers
may reflect the combined effects of selection to reduce self-
pollination, gamete wastage and divergent selection on style
length by hummingbirds and hawkmoths (Barrett, 2002;
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tor frequency likely maintain the variation in herkogamy by
imposing heterogeneous selection on floral traits.
Ixiolirion songaricum is an early-spring ephemeral perennial
herb endemic to and common in desert and grassland zones
of northern Xinjiang, China. The stigmas of multiple flowers
within an individual are positioned between upper- and lower-
level anthers. However, there is no stigma being both very close
to upper- and lower-level anthers, resulting in variation in ASD
among flowers. This characteristic is quite distinct from the
syndrome in species with style or stamen elongation. It also
differs from the continuous variation in style length and
herkogamy in P. brandegei, because there are no approach or
reverse herkogamous individuals within I. songaricum popula-
tions. In this paper, we asked the following questions. (1) Does
stylar length vary continuously among flowers within popula-
tions? (2) Is there variation among flowers in ASD, and is there
a relationship between ASD and self pollen-deposition and seed
set? (3) Is ASD related to seed set under cross- and natural
pollination? (4) Does variation in style length and ASD in
I. songaricum differ from those of species for which they are
reported in the literatures, and if they do differ, how?
2. Materials and methods
2.1. Species and study site
In desert populations of I. songaricum, flowering begins in
late April and ends in mid-May, whereas in the grassland zone
plants flower from early May to late May. I. songaricum
produces a single umbellate inflorescence with 2–8 flowers.
The flower has six pale purple tepals that are freely separated.
The two whorls of stamens are unequal in length and inserted at
the base of the tepals; length of three outer stamens is shorter
than that of the three inner ones. The ovary is inferior, and the
style is filiform with a three-lobed stigma. Longevity of a flower
is about 3 days. The anthers dehisce on the first day following
anthesis, and pollen dispersal can last until the second day, when
the stigmatic lobes open completely.
Variation in stylar length and ASD was investigated in
18 natural populations in northern Xinjiang, China (latitude:
43°22′56″ to 44°25′22″N; longitude: 80°58′53″ to 87°47′27″Fig. 1. Diagram of a flower of Ixiolirion songaricum (a) showing upper stamen le
Separation of stigma–upper level anthers (D)=A–B, and separation of stigma–lowe
(b). The tepals and one of the upper stamens in each flower were removed for photE; altitude: 450 to 1459 m a.s.l.). This area has a temperate
continental desert climate characterized by a relatively humid
spring and autumn, a rainless summer and a cold winter with
frequent snowfall that melts in March or April. In the desert,
mean annual precipitation is 190 mm, potential annual evapo-
ration is 2300 mm, and average annual temperature is 5.61 °C.
In the grassland, mean annual precipitation is 320 mm, po-
tential annual evaporation is 1700 mm, and average annual
temperature is 9.35 °C (Hu, 2004; Wei et al., 2003; Xu et al.,
2010). Experiments were conducted in a Yamalic Mountain
population (43°51′06″N, 83°33′57″E, 924 m a.s.l.), which has
typical desert vegetation, gravelly gray desert soil and a
continental climate. Mean annual temperature is 6.6 °C. Annual
precipitation is 266.9 mm and annual potential evaporation is
2731 mm (Jiang et al., 1992; Zhang et al., 2008).2.2. Variation of stylar length and ASD in natural populations
During peak flowering periods in 2009–2010, 10 plants
with 3–8 flowers were randomly sampled in each of the 18
populations, for a total of 774 flowers. Then, upper stamen
length (A), style length (B) and lower stamen length (C) of
every flower on a plant were measured to 0.01 mm using an
electronic vernier caliper (SF2000, Guilin Guanglu Measuring
Instrument Co. Ltd., Guilin, China). Distance of stigma–upper
level anthers (D) and of stigma–lower level anthers (E) was
calculated. All measurements were made from the top of the
ovary to the tip of the stigma and anthers (Fig. 1a). In this
paper, we used the absolute value of (D–E) to represent the
degree of ASD. Negative values of (D–E) represent stigmas
close to the upper stamens, positive values of (D–E) represent
stigmas close to the lower stamen.
We calculated the coefficients of variation (CV) of stylar
length, upper stamen length, lower stamen length and distance
between the two stamen levels (A–C) (Fig. 1a) as the ratio of the
standard deviation (σ) to the mean (μ): CV=σ /μ. We measured
flower diameter (F), which represented the floral size (Fig. 1a),
plant height and style length of 90 plants with 3–8 flowers
randomly sampled from 18 populations to assess the correlation
between floral size, plant height and style length. The length of
style and stamen of 30 plants from five populations werength (A), style length (B), lower stamen length (C) and flower diameter (F).
r level anthers (E)=B–C. Flowers with different ASDs of Ixiolirion songaricum
ographs. Arrows point to the stigmas.
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whether ASD variation was due to style or stamen elongation.
2.3. Seed set under autonomous self-pollination
To test for autonomous self-fertilization and to evaluate the
effect of the absolute value of (D–E) on autonomous self-pollen
deposition and seed set, 180 flowers with different ASDs were
randomly chosen from 100 plants in the Yamalic Mountain
population, when they had just opened and their anthers had not
dehisced. A, B and C (Fig. 1a) were measured with the electronic
vernier caliper. Then, 60 flowers were randomly assigned to each
of the following treatments: (1) upper level anthers removed;
(2) lower level anthers removed; and (3) flowers left intact. All
treated flowers were prevented from receiving insect visitors by
enclosing them in paper bags, which were removed after natural
closure of the flowers.
Thirty flowers in each treatment were randomly collected,
and the number of pollen grains per stigma was counted using a
light microscope (10×) (SFC-288AQLED-MS Motic Group
Co. Ltd., Xiamen, China) in the laboratory immediately after
bag removal in order to analyze the relationship between the
absolute value of (D–E) and autonomous self-pollen deposi-
tion. Fruits were harvested from the other treated flowers, and
the number of seeds per mature fruit was counted. Seed set per
fruit was determined for each treatment in order to analyze the
relationship between the absolute value of (D–E) and seed set
under autonomous self-pollination.
2.4. Manual pollinations experiments
In the flowering seasons of 2009 and 2010, a total of 30 buds
on 30 plants were randomly bagged before anthesis to exclude
floral visitors. At the onset of anthesis, when anthers had not
dehisced, A, B and C (Fig. 1a) of these flowers were measured
with the electronic vernier caliper. Then, these flowers were
completely emasculated and cross-pollinated with pollen grains
from flowers on other plants at least 10 m away to test for
difference in seed set between cross-pollination and autonomous
self-pollination. Manual pollinations were performed when the
stigmatic lobes had completely opened, and the bags were
removed after natural closure of the flower. Thirty intact flowers
were randomly chosen and freely pollinated to evaluate the effect
of the absolute value of (D–E) on seed set under natural
pollination. Flowers were left to produce fruits, and the mean
number of seeds produced under each treatment was determined.
2.5. Data analyses
Data were checked for normality and homogeneity before
they were subjected to further analysis. Data were normalized
by log10 transformation if they did not meet the statistical
assumptions of normality. Bivariate correlation and general
linear regression were carried out to assess the relationships
between the absolute value of (D–E) and seed set in different
pollination treatments. The relationships between B and plant
height, style length and flower size were also tested. One-wayANOVA tested whether seed set among pollination treatments
and length of style, upper stamens and lower stamens among
populations differed statistically. All data analyses were carried
out with the software SPSS 16.0 (SPSS Inc, Chicago, IL, USA).
3. Results
3.1. Variation of stylar length and ASD in natural populations
Average lengths and coefficients of variation (CV) of style
length, upper stamen length, lower stamen length and distance
between the two level stamens (A–C) (Fig. 1a) per population
differed statistically among populations (Fstyle=6.044, pb0.001;
Fupper stamen=6.097, pb0.001; Flower stamen=7.959, pb0.001;
F (A–C)=7.510, pb0.001; Table 1). No stylar or stamen elon-
gation was found in the measurements. Style length was not
correlated with plant height (r=−0.255, p=0.167) or floral size
(r=0.272, p=0.139). Stylar length varied continuously between
upper and lower stamens among flowers (Fig. 2), resulting in a
wide range of variation in absolute value of (D–E), which
represented the degree of ASD. Fewer plants had flowers with
very close anther–stigma distance. Most plants had absolute
values of (D–E) around zero (Fig. 3a).
3.2. Autonomous self-pollen deposition and seed set
In bagged intact flowers, the average number of autono-
mous self-pollen deposition and seed set were 69.90±7.72 and
13.14±1.14%, respectively. Both autonomous self-pollen
deposition (r=−0.974, pb0.001) and seed set (r=−0.982,
pb0.001) were positively correlated with the absolute values
of (D–E). The smaller the absolute values of (D–E) was, the
lower were autonomous self-pollen deposition and seed set. In
contrast, the larger the absolute value of (D–E) was, the higher
the autonomous self-pollen deposition and seed set (Fig. 3b).
Results of bagging experiments in flowers in which upper- or
lower-level anthers were emasculated showed that the average
number of autonomous self-pollen deposition and seed set of
upper stamens were 46.22±3.86 and 15.87±3.26%, respec-
tively. And the average number of autonomous self-pollen
deposition and seed set of lower stamens were 32.41±7.38
and 9.23±1.71%, respectively. Both autonomous self-pollen
deposition (r=− 0.927, pb0.001) and seed set (r=− 0.972,
p=0.006) of upper stamens were negatively correlated with
upper level anther–stigma distance (D in Fig. 1a; Fig. 4). Both
autonomous self-pollen deposition (r=−0.909, pb0.001) and
seed set of lower stamens (r=−0.912, pb0.001) also were
negatively correlated with lower level anther-stigma distance
(E in Fig. 1a; Fig. 4).
3.3. Manual pollination experiments
Average seed set under cross-pollination and natural pollina-
tion were 68.11±6.06% and 51.52±1.83%, respectively. Com-
parisons of seed set of flowers with different absolute value of
(D–E) detected a significant difference among pollination
treatments (F=45.112, pb0.001). Average seed set under natural
Table 1
Length (mean±SE.) and coefficients of variation (CV) of style, upper stamen, lower stamen and distance between the two stamen levels (A–C) of 43 flowers per
population in Ixiolirion songaricum.
Population Length (mm) Coefﬁcient of variation (%)
Upper stamens Style Lower stamens (A–C) Upper stamens Style Lower stamens (A–C)
1 20.34±0.22 17.80±0.25 15.11±0.22 5.22±0.16 7.18 9.13 9.47 20.17
2 22.95±0.27 20.85±0.23 17.02±0.20 5.93±0.18 7.73 7.35 8.66 19.97
3 21.93±0.25 19.16±0.21 16.78±0.20 5.15±0.16 6.66 7.31 7.74 20.88
4 21.10±0.22 18.93±0.28 16.42±0.14 4.68±0.14 8.40 9.72 5.79 19.27
5 20.37±0.19 17.83±0.25 15.30±0.15 5.06±0.14 6.12 9.15 6.64 18.38
6 19.92±0.18 17.51±0.26 15.42±0.13 4.50±0.15 5.88 9.81 5.61 22.30
7 20.89±0.24 18.41±0.28 15.95±0.19 4.94±0.16 7.46 10.10 7.95 20.98
8 20.93±0.23 17.80±0.26 16.05±0.16 4.88±0.16 7.23 9.69 6.41 20.99
9 21.71±0.24 18.09±0.26 16.12±0.22 5.59±0.13 7.37 9.49 8.85 15.32
10 21.09±0.30 17.98±0.25 15.73±0.19 5.36±0.20 9.23 9.08 7.86 24.28
11 21.21±0.28 18.54±0.28 16.16±0.19 5.05±0.18 8.71 9.94 7.54 23.60
12 19.74±0.21 18.09±0.22 15.16±0.16 4.58±0.14 7.12 8.09 6.87 19.34
13 19.79±0.35 17.89±0.31 15.09±0.24 4.70±0.20 11.70 10.26 10.29 27.85
14 20.68±0.4 18.72±0.43 16.36±0.36 4.31±0.15 12.74 11.21 14.44 22.44
15 19.71±0.22 17.47±0.28 14.88±0.2 4.83±0.19 7.42 9.36 8.86 12.70
16 20.05±0.22 17.69±0.14 15.20±0.17 4.85±0.15 7.15 9.32 7.37 20.94
17 19.69±0.4 17.42±0.39 15.03±0.31 4.66±0.17 13.41 8.54 13.67 24.47
18 21.64±0.29 19.73±0.35 17.37±0.29 4.27±0.10 8.79 7.56 10.91 16.10
Total 20.76±0.07 18.33±0.07 15.84±0.06 4.92±0.04 9.46 9.17 9.97 22.29
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pollination intact flowers (13.14±1.14%), but it was lower than
that under cross-pollination. Seed set under cross-pollination did
not differ significantly between flowers with different absolute
value of (D–E) (F=0.035, p=0.854). There was a strong
negative relationship between the absolute value of (D–E) and
seed set in intact flowers under natural pollination (r=0.980,
pb0.001; Fig. 3b).
4. Discussion
Our studies highlight continuous variation of style length
between two separate anther levels of I. songaricum, whichFig. 2. The range of variation in stigma height (+), height of upper-level anthers (□
songaricum. Flowers were ranked by stigma height.resulted in a wide range of variation in ASD between flowers
within natural populations (Fig. 1b, 3a). Style length was not
correlated with plant height or floral size, indicating that
stylar length was not caused by resource allocation and there
was no style or stamen elongation due to flower age. Thus, this
variation in I. songaricum differs from that in species with
increased ASD due to floral developmental variation, such as
in G. campestris and C. heterophylla (Lankinen et al., 2007;
Lennartsson et al., 2000).
ASD was negatively correlated with the number of self-
pollen deposition and seed set in I. songaricum. The smaller
ASD was, the higher were autonomous self-pollen deposition
and seed set. These results are similar to those observed for) and lower-level anthers (△) among flowers from six populations of Ixiolirion
Fig. 3. Frequencies of flowers with different absolute values of (D–E). D and E were calculated for 774 flowers from the 18 populations (a). The relationships between
absolute values of (D–E) and seed set under natural pollination (open circle), autonomous self-pollination (solid circle) and autonomous self-pollen deposition in intact
flowers (b).
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and Ipomoea wolcottiana. In these species, there was a negative
correlation between ASD and the number of self-pollen grains
on the stigmas, indicating a high level of autonomous self-
pollination even in the absence of flower visitors (Ennos, 1981;
Murcia, 1990; Parra-Tabla and Bullock, 2005; Sobrevila et al.,
1989).
Inversostyly occurs in Hemimeris racemosa. The style
alternates with the two stamens and is deflected either upwards
or downwards (Pauw, 2005). Thus, there is reciprocal place-
ment of the style and stamens in a vertical plane in theseFig. 4. Relationships between D or E and autonomous self-pollen deposition (a),
autonomous selfing seed set (b) in partly emasculated flowers.zygomorphic flowers. The flowers on one plant are of the same
stylar orientation. Pollination is by specialized oil-collecting
bees (Rediviva spp.). Most populations had a slight bias in
favor of the style-down morph, and this bias increases with
decreasing pollinator abundance. Pollinator exclusion signifi-
cantly reduced capsule set in inversostylous populations of
H. racemosa. In contrast with inversostylous populations,
all individuals in homostylous populations of H. racemosa
have the style and the stamens clustered together in the
down position and high levels of autogamous seed set. Self-
pollination provides reproductive assurance in H. sabulosa and
in homostylous populations of H. racemosa. Homostylous
populations occur where oil-collecting bees are less abundant.
Data from 18 natural populations of I. songaricum revealed
that there were fewer flowers with small ASD than with large
ASD (Fig. 3a). Mean seed set under natural pollination was
higher than that under autonomous self-pollination with upper
and lower stamens, but it was lower than that under cross-
pollination. These results indicate that most flowers within
populations had higher seed production under cross-pollination
than that under self-pollination. Autonomous self-pollen depo-
sition selects for styles to be as far away from anthers as
possible. However, selfing can also occur through pollinator-
mediated deposition, and the position of the anthers may
influence this. In addition having the stigma sandwiched
between the two levels of anthers may increase interference of
male and female function.
P. brandegei displayed continuous variation in degree of
anther–stigma distance among individuals with approach and
reverse herkogamy (Kulbaba and Worley, 2008). These authors
suggested that continuous change in ASD reflects contrasting
selection imposed by hummingbird and hawkmoth pollinators.
They concluded that continuous variation of style length in this
species means that many individuals display an intermediate
phenotype, with the stigma either slightly above or below
the anthers. The intermediates may represent a compromise
between two extreme phenotypes that are best suited to
hummingbird or hawkmoth pollination (Campbell and Aldridge,
2006). However, the continuous variation of style length in
I. songaricum did not possess the syndrome of approach or
24 J. Jia, D.Y. Tan / South African Journal of Botany 81 (2012) 19–24reverse herkogamy, and stigmas are sandwiched between two
separate anther levels.
In conclusion, as the ASD of I. songaricum decreases,
autonomous seedset increases but open pollinated seedset
decreases, suggesting conflict between traits promoting selfing
versus outcrossing. The autonomous pollen deposition in-
creases exponentially but seedset only increases linearly, when
the ASD decreases, suggesting that early acting inbreeding
depression or late acting self incompatibility may be occurring.
However, there may be different types of selection on upper
and lower anthers due to their role as selfing versus outcrossing
pollen donors. The distance between anthers and stigma don't
change through development means that this plant is not a
delayed selfer, and so the position of the anthers may be
influenced by a compromise between reproductive assurance
and outcrossing. So the further experiments would be needed to
test these questions.
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